In the past decades, the influence of climate change has caused changes in the amount of rainfall in many areas which may affect the flood assessment and mitigation. This research aims to determine amount of rainfall which impacts on changes of the water levels in canals and evaluate the appropriate mitigation measures for floods in the inner Bangkok area, Bangkok Noi and Bangkok Yai districts of Bangkok. The maximum 1-day rainfall during 1997-2010 was determined under different return periods of 2, 5, 10, 25, 50 and 100 year. The MIKE 11 model was then applied to assess changes of the water levels in canals caused by design rainfall events for those return periods. The flood mitigation was also proposed by applying various pumping capacities and initial water levels, incorporating with building dykes and a floodgate. This study has found that the highest flood-risk areas are along Chak Phra and Bangkhunnon canals and the eastern part of Jakthong Canal while the lowest flood-risk area is Bangkok Yai district. Flood caused from the 10-year rainfall can be mitigated by building dykes with the height of 0.75 m [mean sea level (MSL)] and maintaining the initial water level of 0.70 m (MSL). Furthermore, it has also been found that flood caused from the 25-year rainfall can be mitigated by building the floodgate to prevent the flowing back water at Wat Yangsuttharam Canal. However, 50-and 100-year rainfalls seem to cause floods which are too large to mitigate.
Introduction
Bangkok, the capital city of Thailand and major urban area of the country, was formerly a floodplain in the lower central plain of Thailand and has an average elevation of a few meters above the mean sea level (MSL) (Camp, Dresser and McKee Consulting Engineers 1968) . The landform of the lower central plain is the widespread floodplain with terraces in the western part along the meanders of Mae Klong and Suphanburi rivers and eastern part originated from Bang Pakong River as shown in Fig. 1a . There are also piedmont fans, peneplains and alluvial fans along the margin (Takaya 1972; Thiramongkol 1983; Supapanya 1983; Choowong 2011) . There have been floods in Bangkok. They have been caused by the runoff from upstream in the Chao Phraya basin, tidal floods from the Gulf of Thailand and storm water from local rainfalls (ACE Consultco CAE and Asian Institute of Technology [AIT] 1986) . Severe floods have occurred in 1942 and 1995 and Acres International Limited 1996). Since 1987, flood mitigation plans in the area to the west of the Chao Phraya River in Bangkok and Samut Prakan have been proposed by the Netherlands Engineering Consultant [NEDECO] and Span Company Limited. This proposal aimed to protect the area from flooding with a return period of 100 years by building flood barriers to prevent flooding from the rainfall with a return period of 2 years by changing small irrigation canals and unnecessary irrigation canals to drainage canals, and using pumps in some areas (NEDECO and Span Company Limited 1987) .
However, the Intergovernmental Panel on Climate Change [IPCC] reported that the global temperature from 1956 to 2005 had increased for 0.13°C/decade, which might affect wind patterns and cause the amount of precipitation in some areas to increase or decrease (IPCC 2007) . Besides, the shift in the Walker Circulation is believed to cause the negative relationship between the amount of summer rainfall in Thailand and the El Niño-Southern Oscillation (ENSO) since 1980 (Singhratina et al. 2005) . The annual mean temperature of Thailand has increased over this period, while the annual rainfall from 1951 This study aimed to apply the MIKE 11 model to find local flood mitigation strategies, and propose appropriate modifications to these in the Bangkok Noi and Bangkok Yai districts. These two districts within inner Bangkok were selected for this study as they have many small drainage canals and are subject to flooding if the flood mitigation procedures fail or are not applied appropriately. The MIKE 11 model has previously been widely used to study flood mitigation strategies in the Bangkok area (Klungsupavipat 2000; Jutanka 2004; Boonya-aroonnet et al. 2009; Sakol 2010 ).
Study area

Location
The study area is in Bangkok Noi and Bangkok Yai districts in the western part of Bangkok and covers a total area of approximately 15 km 2 . With reference to the WGS84 datum, the area was located in zone 47 in the north hemisphere at an easting of 657075-661284 and a northing of 1517502-1523856. Bangkok Noi district lies in the northern part of the study area, and Bangkok Yai district lies in the southern part. The study area is bounded by Chao Phraya River, Bangkok Noi Canal, Chak Phra Canal and Bangkok Yai Canal, which are the main water channels. Also, Mon Canal is the boundary divided between Bangkok Noi and Bangkok Yai districts (Fig. 1b) .
Climate
The climate in the area is dominated by the southwest monsoon, which brings warm and wet air from the Indian Ocean to the area between the middle of May and the middle of October, and the northeast monsoon, which brings cold and dry air from China to the area between the middle of October and the middle of February. As a result, the amount of rainfall is high between May and October. Moreover, additional tropical storms from the Bay of Bengal around May and from the South China Sea around October can result in heavy rain. From April to May, there is also a high possibility of an occurrence of thunderstorms that result from the meeting of the hot air mass in the area with the upper cold air mass from China.
Topographic characteristics
The study area has the characteristics of a low elevation floodplain. However, the landform was transformed by the flow of fill materials (Hara et al. 2007 ). The elevations across the area range from 0 to 3 m (MSL) with the highest elevation in the east and the lowest in the northwest. The land use in the area is mainly dense residential areas. Along the Chao Phraya River, there are some cultural heritages and government institutes, and there is also a small commercial area at the center of the Bangkok Noi District. According to the field investigation in 2012, there were many drainage canals in the area with poor water quality, and also there were traces of flooding along the west part of the area. The flood water and poor water quality can affect the health and well-being of the people living in this area. However, these problems could be solved by proper flood mitigation.
Flood mitigation
The construction of dykes along the Chao Phraya River with a height of from 2.50 to 3.00 m (MSL) makes the riverine flood due to a high tide from the Gulf of Thailand and runoff from the north become less pronounced in the area (Department of Drainage and Sewerage [DDS] , Bangkok Metropolitan Administration [BMA] 2010). However, another flood source is from local rainfall. The runoff from local rainfall is drained to the Chao Phraya River by a network of canals in the area. When the water level in the Chao Phraya River is low enough to open the floodgates, the drainage is conducted by gravity, but when the water level in the Chao Phraya River is too high, the drainage is conducted by pumps. The problem of flooding could then occur when there was a high water level in the Chao Phraya River and intense rain which exceeded the pumping capacity, or when there was a failure in the flood protection structure. Drainage canals, floodgates, pumps and dykes, which are used for the flood mitigation, are shown in Fig. 1b , and the current maximum capacity for each pumping station is shown in Table 1 .
Rainfall frequency distribution
Rainfall data in inner Bangkok
There were more than 30 rainfall stations of the Thai Meteorological Department [TMD] in inner Bangkok during this study period. However, 15 stations which provided adequate data during the period of 1997-2010 were chosen as the representative stations (Fig. 2) . Before analysis, the missing data were filled using the inverse distance method and then double-mass analysis was done to check and adjust the data for consistency (Singh 1992) .
According to the data from these 15 stations (Table 2) , the average annual rainfall was 1,447 mm while the maximum 1-day rainfall was 88 mm.
Frequency analysis
Frequency analysis of the maximum 1-day rainfall was then done in the area of Bangkok Noi and Bangkok Yai districts. The rainfall data covering these 2 districts are from the stations 455015, 455049, 455050, 455051, 455056, 455058 and 450065) . Due to large differences among the maximum 1-day rainfall as well as annual rainfall at 15 stations in inner Bangkok, we decided to do the frequency analysis (Singh 1992) at each station of 455015, 455049, 455050, 455051, 455056, 455058 and 450065 independently. The average amounts of 2-, 5-, 10-, 25-, 50-and 100-year return period rainfall events, which are defined by a Thiessen polygon method at the individual amount of 2-, 5-, 10-, 25, 50-and 100-year return period rainfall of each station, are 81, 102, 116, 131, 142 and 153 mm., respectively. The daily rainfall data have been recorded since 1982, but due to a lot of missing records especially in the beginning period (from 1982 to 1996) , the data before 1997 were therefore left out and then the data from 1997 to 2010 were more complete and used to estimate the frequency analysis. Although this study used 14-year data for frequency analysis of rainfall, which is less than the threshold (20-year recorded period) for rainfall frequency analysis suggested by Rao and Kao (2006) , the average amounts of 2-, 5-, 10-, 25-, 50-and 100-year return periods rainfall of our study can be confirmed their reliability since these values conform and are very close to results as derived by study of the IDF curve by NEDECO et al. (1996) . They used rainfall data derived from Samsen station established by Royal Irrigation Department (RID) during 1951-1982 to estimate amounts of 24-h rainfall for 2-, 5-, 10-, 25-, 50-and 100-year return periods, which are 81.6, 100.8, 115.2, 132, 144 and 156 mm, respectively. This station was located in Dusit district ( Fig. 2 ) about 8.5 km in north eastern direction from our study area. According to Rao and Kao (2006) , they suggested that rainfall characteristics of each station, which is not longer than 10 miles (16.09 km.) apart, would be similar. Furthermore, rainfall data during 1982-2010 of station 455049, the most complete data of rainfall stations, were determined rainfall amounts of 2-, 5-, 10-, 25-, 50-and 100-year return periods which are 76. 1, 97.1, 112.4, 132.3, 147 .1 and 161 mm, respectively. As mentioned, such results appeared to conform to the average amounts in our study and those of Samsen station. At these stations, six different distributions were tested (Normal, Lognormal, Gumbel, Gamma, Pearson type III and Log Pearson type III distributions) for their ability to describe the frequency distribution of the maximum 1-day rainfall using the KolmogorovSmirnov (KS) test to determine the maximum difference between the observed and theoretical values (Haan 1977) . The observed value was calculated from Eq. (1) (Singh 1992 );
where P was the observed occurrence probability of an equal or higher magnitude rainfall or flood, m was the order number of the event sorted by the magnitude, and N was the total number of data in the series. The lower the KS value, the better the distribution can describe the frequency, and the values obtained for each distribution are shown in Table 3 .
Most of the lowest KS values among the above six distributions for each time series were found for the Pearson type III distribution (two and three out of the six stations for the 1982-1996 and 1997-2000 periods, respectively) , while the maximum KS values obtained with fitting the data to the Pearson type III distribution were also lowest of the six distributions. Hence, the Pearson type III distribution was selected to describe the frequency distribution of the maximum 1-day rainfall amount. The probability (P) that a flood or rainfall would exceed each specific amount (X) was determined using Eqs. (2-5) (Singh 1992) :
where x, S and C s were the average, SD and skewness of the distribution of the rainfall, respectively. In the Pearson type III distribution, the skewness of the data (C s ) has sometimes been suggested to be adjusted to account for the number of observed data, as in Eq. (6) (Hazen 1930 
where ( b C s ) was the adjusted skewness, and n was the number of observed data. (2014) 73:1957-1975 1963 However, in this study, the adjustment of the skewness seemed to cause the KS value to increase, and so the skewness coefficient was not adjusted in this study. The amount of maximum 1-day rainfall for each return period of in the period of 2, 5, 10, 25, 50 and 100 years is shown in Table 4 .
Determination of flood mitigation
In this study, the MIKE 11 model was applied to simulate rainfall-runoff and flow and to study required mitigations to prevent flooding including building dykes, controlling the initial water level, pumping and building floodgates. Within the MIKE 11 model, the rainfall was simulated by the NAM module, which calculates the basin rainfall by a Thiessen polygon method and routes the flow by various parameters based upon the basin characteristics. The flow and water level in the network were determined by solving SaintVenant equations (DHI 2009) by an implicit finite difference scheme (Abbott and Ionescu 1967) . The maximum flood level was defined as the maximum simulated water level above the bank height. The appropriate mitigation for this study was viewed in terms of the highest initial water level, lowest dyke height and lowest pumping level which could prevent the urban area from flooding.
Model parameters
Channel network and flood control structures
There are many channels in the Bangkok Noi and Bangkok Yai districts, and their characteristics are different. The width of the channels ranged from a few meters for small drainage canals to hundreds of meters for the Chao Phraya River. The depth also ranged from 1 m for small canals to more than 20 m for the Chao Phraya River. Some channels were earthen, while others were paved. Moreover, some part of the network was outside of the dyke and floodgates, while some parts were inside. However, considering the size, the material and location, this study classified the channels into the three types of (1) main earthen channels outside the floodgate, (2) main earthen channels inside the floodgate and (3) small paved canals, as shown in Fig. 1b . 
Cross sections
The cross-sectional data is one of the parameters required for the Saint-Venant equations in order to simulate the water flow. Cross sections of the Chao Phraya River have been previously determined by RID in 2004. For all the other water channels, their crosssectional data were determined from their depths, widths and bank elevations. The depths of the channels inside the floodgate were obtained from the BMA, while the depths of the Bangkok Noi Canal outside the floodgate were obtained during field surveys in 2012. The bank elevations were obtained from the benchmark from the BMA in 2012 and the digital elevation map from the Land Development Department in 2006 with a resolution of 5 m 9 5 m, in case the benchmark data were not available. The widths of all channels except for the Chao Phraya River were obtained during field observations in 2012.
Catchment areas
Catchment areas were determined based upon the assumption that storm water could not cross main roads and canals which were considered as catchments boundaries. The storm water in each catchment area would be led to the canals, which were the boundary, uniformly along the length of each canal. The location of the catchment boundaries, main roads and canals are shown in Fig. 3 . With respect to the characteristics of the catchments, they were classified into three types. The first type was ''urban'' where most parts of the catchment were an urban area. The second type was ''non-urban'' where most parts of the catchment were agricultural or undeveloped land. The last type was ''partly urban'' where the area of urban and agricultural/undeveloped land was not significantly different. The characterization of each catchment into these three categories was based upon the data obtained from field observations in 2012.
Every catchment area did not exceed 1.0 km 2 and was considered small catchments, except for a non-urban catchment in the northwestern part of the study area, which had an exceptionally large area of approximately 2.4 km 2 and was considered as a large catchment.
Water level and rainfall time series
The rainfall and water levels were obtained from the BMA and RID and consisted of nine points each where the water and rainfall levels were observed, with five of these stations being common to both, as shown in Fig. 4a . The water levels were measured every 15 min, while the rainfall was observed every 5 min at stations D33, D35, D36 and D38, and every 15 min for stations W03, W04, W06, W07 and W22. Figure 4b shows the network boundaries, calibrating points and rainfall stations used in the model. Under the calibration procedure, time-varying water levels at the station at the end of the network (C4, C12, BP01, BW01, W07 and W22) were used as the boundary data and also tide levels were used as the lower boundary for C4. However, there were no data at the upstream of Bangkok Noi Canal, and so the data from station W03 were applied there instead. According to the data from RID during 2004-2010, the average minimum and maximum water level in the Chao Phraya River at the station C4 were -1.09 and 2.05 m (MSL), respectively, and the maximum water level was on November 9, 2006, with the level of 2.20 m (MSL) while the height of the dyke is not less than 2.50 m (MSL) (DDS, BMA 2010). Hence, it can be assumed in the model that the upstream boundary conditions of Chao Phraya River (C12) and Bangkok Noi Canal (W03) and the downstream boundary condition of Chao Phraya River (C4) are always dominated by the tide from the gulf of Thailand and the runoff from the north. Also, other upstream and downstream boundary conditions (BP01, BW01, W07 and W22) are dominated by these The rainfall stations used in the model were D33, D35, D38, W03, W04, W06, W07 and W22. However, the data from station D36 were considered unreliable since there were many events that the rainfall was not detected at this station while it was detected at the surrounding stations, so it was excluded from the study, leaving the data from eight rain stations in the analysis.
Rainfall hyetograph design
There were many rainfall events, and the respective hyetograph of each event was different from others. In order to design the hyetograph that could represent the rainfall in the area, the dimensionless mass curve method (Guo and Hargadin 2009) was applied.
For the data from each of the eight rainfall stations (W03, W04, W06, W07, W22, D33, D35 and D38), rainfall hyetographs with more than 58.7 mm of rain, which was the amount of rainfall with a return period of 2 years and duration of 1 h (DDS, BMA 2010), in the period of May 2008 to September 2010 were converted to dimensionless units of both time and cumulative rainfall depth. The cumulative rainfall depths were averaged for each time step to get the dimensionless mass curve of the designed rainfall. The dimensionless mass curves are shown in the Fig. 5 . The design rainfall hyetographs were converted from the dimensionless mass curve by multiplying the dimensionless rainfall depth with an appropriate depth, multiplying the dimensionless time with an appropriate duration and converting the cumulative rainfall depth to the non-cumulative one.
The appropriate rainfall depth for each return period was determined by the maximum 1-day rainfall at the nearest Thai meteorological department (TMD) station (Table 4) . The W03 and D38 rainfall stations were close to TMD station 455049, W04 and W06 to 455015, W07, W22 and D33 to 455065, and D35 to 455058. The appropriate rainfall duration for this study was set at 3 h because the DDS planned to build the reservoir to store the storm water of the rainfall for 3 h (DDS, BMA 2010). The design hyetograph at each station is shown in the Appendix A of ESM).
Model sensitivity
Sensitivity analysis was used to determine which parameters most strongly influenced the result. For each parameter, the simulation for the water level was performed three times but with different values of the calibrating parameters each time. The sensitivity index was then calculated using Eq. (7) (Eckhardt et al. 2002) ;
where x 0 is the initial value of the parameter x, x 1 is x 0 -Dx, x 2 is x 0 ? Dx(where Dx is the specified difference in values of parameter x), and y 0 , y 1 and y 2 are the outputs calculated with x 0 , x 1 and x 2 , respectively. Table 5 shows the obtained sensitivity index for each parameter. Sensitivity index values (treating negative values as the equivalent positive value) were categorized as small to negligible if less than 0.05, medium if between 0.05 and 0.199, high if between 0.20 and 0.99 and very high if 1.00 or more (Eckhardt et al. 2002) . The water level was clearly sensitive to the overland flow runoff coefficient and the time constant for routing interflow, but relatively insensitive or only weakly sensitive to the other parameters. This finding suggested that the water level in canals in the west part of Bangkok was insensitive to the Manning coefficient but sensitive to the physical conditions and to the floodgate and pump operation. 
Model calibration and verification
The calibration was done to determine the values of parameters, especially the two with high or very high sensitivity indexes (the overland flow runoff coefficient and time constant for routing interflow, respectively). Previous research has shown that the runoff coefficient of Bangkok seemed to depend on the area, ranging for example from 0.4 for Bangkapi and Bueng kum districts (Wongwiwat 2005) , 0.65 for most of the eastern part of (Sakol 2010) . The time constant for routing overland flow depends on the size of the catchments. Six rainfall events when the floodgates could not be opened due to high water level in Chao Phraya River during the period of May-July 2010 (May 23, May 24-25, June 8-9, June 14-15, July 16 and July 26-27, 2010) were chosen with the first three events used for the calibration and the other three for the verification. The water levels inside the Chak Phra Canal floodgate (W03), and inside and outside the Mon Canal and Bangkok Yai Canal floodgates (W04 and W06, respectively) were simulated to compare with the observed data. However, the observed water levels at the Mon Canal floodgate (W04) in the last three events were unreliable, so the data at that floodgate were excluded in the verification. The parameters obtained by the calibration are shown in Table 6 . The overall correlation coefficient (CC) for all events was 0.9634, and the overall root mean square error (RMSE) for all events was 0.1182 m. The comparisons between the observed and modeled data are shown in Appendix B of ESM.
Model uncertainty
For the six selected events (May 23, May 24-25, June 8-9, June 14-15, July 16 and July 26-27, 2010) , the mean error was 0.07 m and the SD of the errors was 0.09 m. Assuming that the errors were normally distributed, the 95 % confidence interval for the errors gave an upper and lower boundary of -0.11 m and 0.25 m, respectively. That is at a 95 % confidence interval, the modeled water level could range from 0.11 m lower to 0.25 m higher than the actual water level. In this study, a flood was defined as the water level which is higher than the elevation of the bank of the canal or river. The MIKE 11 model was applied to determine the flood levels using the different return periods of rainfall. Under simulation of flood mitigation, all floodgates were closed in the simulation to represent the scenario that the water levels outside the gates were high and the upstream discharge was set as 0 to exclude effects of a 110 and 120 % are above the current maximal pump capacity and so would require installation of additional pumping capacity to these levels accordingly water level outside the study area. The results of the simulations showed that the water level was very sensitive to the pumping intensity and the rainfall amount (as the return period) ( Table 7) . (2014) 73:1957-1975 1971 Figure 6 shows the simulated flood status in the channel network when the pump usage was at 80 % maximum level. At that pump usage, the flood-prone area could be classified into the four zones (Fig. 7) of (1) the high-flood-risk zone where the flood occurred from 2-or 5-year rainfall, (2) the medium-flood-risk zone where the flood occurred from 10-year rainfall, (3) the low-flood-risk zone where the flood occurred from 25-year rainfall and (4) the very low flood-risk zone where the flood does not occur even there is a 100-year rainfall. (Table 7) and the bank elevation, and are considered to have a low reliability
Flood mitigation
Comparison between the high and the medium-flood-risk zones revealed that the highflood-risk zone was far more sensitive to flooding because of the very low bank elevation. Table 9 Maximum water levels (m, MSL) at the point of maximum flood when the initial water level was 0.70 m (MSL) and the proposed floodgate (location in Fig. 8 a 110 % is above the current maximal pump capacity and so would require installation of additional pumping capacity to this level accordingly
As a result, the construction of dykes with a height of at least 0.75 m (MSL), which is the height of bank elevation of the medium-flood-risk zone, is suggested. The simulation of rainfall with this 0.75 m (MSL) height dyke was then performed to determine the optimum initial water level which was highest but did not cause a flood. The results revealed that with an initial water level of 0.70 m (MSL), the current pumping capacity could mitigate the flood from 10-year rainfall (Table 8) .
Apart from using pumps, dykes and reducing the initial water level, another mitigation determined in this study was building floodgates at the canal where the water otherwise would have flowed back into the flood-prone zone. Figure 8 shows the flow in the canals and the location of the proposed floodgate determined by this simulation study. The results of the simulation of rainfall events with an initial water level of 0.70 m (MSL) when this floodgate was included are shown in the Table 9 .
Comparing the data in Tables 7 and 9 , the proposed floodgate could reduce the maximum flood peak for up to 0.10 m. However, with this floodgate, a dyke with a height of 0.75 m (MSL), and an initial water level of 0.70 m (MSL), the current pumping capacity could prevent this area from flooding due to a 25-year rainfall.
Conclusions and recommendations
Even though Bangkok is protected from riverine and tidal flood by the barrier, there is still flood due to the heavy local rainfall. It occasionally happens when there is a heavy rainfall along with high tide in the Chao Phraya River. In this case, floodgates along the river must be closed and the drainage can be done by pumps. The canal water level should also be lowered, so that some of the storm water can be temporally stored in the canal. The study is required to check for the capability of pumps and canals to drain the storm water. In this study, the frequency analysis in the inner Bangkok, Bangkok Noi and Bangkok Yai districts has been done and the flood mitigation from local rainfall at each return period of 2, 5, 10, 25, 50 and 100 years has been studied.
It is found that in the study area, highest flood risk areas are along Chak Phra and Bangkhunnon canals and the eastern part of Jakthong Canal because of the low elevation. A dyke a height of 0.75 m (MSL) combined with the current pump activity level could mitigate the flood from a 10-year rainfall by lowering the water level to 0.70 m (MSL) before the rainfall. Moreover, if the floodgate was built to prevent the water from flowing back into the flood-prone zone, then flooding from a 25-year rainfall could be mitigated. However, 50-and 100-year rainfalls seem to cause floods which are too large to mitigate.
